also, inside the cavity, there are no fi ns, heaters, and heating and cooling devices; (2) studies on cavities in which one or more lids are moving with constant or variable velocity; and (3) research on cavities with fi xed lids and the presence of fi ns, baffl es, and insulation cylinders for heating or cooling inside them. It should be noted that the third case is among the most practical studies, and this article is also about the same area. Of course, previous studies on cavities can also be classifi ed according to the fl uid in the cavity. Frederick (1989) has executed a numerical study on an air-containing cavity in which thin fi ns are located in the middle of the cold lids of the cavity for different ranges of Rayleigh number. The results of his study demonstrated 47% reduction in heat transfer compared to a fi nless cavity. Scozia and Frederick (2005) studied free heat transfer convection in a long rectangular cavity having fi ns on its cold lids. They showed that Nusselt number has maximum and minimum values, and these values are greatly dependent on fi n length and Rayleigh number. All of the earlier-mentioned studies were conducted on the effects of applying concentrated smooth fi ns; however, Tasnim and Collins (2005) investigated heat transfer control in a square cavity having curved insulated lids. They observed that stream and temperature fi elds vary owing to obstructive effects of the curved lids, and also, by increasing the length and angle of the curved insulation sheets, Nusselt number decreases. Regardless of studies on fi ns, various studies have also been done on cylinders with different geometries.
NOMENCLATURE
Numerical study of heat transfer in a cavity having square cylinders at its center was the topic of research by Mezrhab et al. (2006) . The fl uid in their study was air (Pr = 0.71), and variations in temperature and velocity fi elds for different values of Rayleigh number and thermal conduction ratio have been investigated.
Numerical study on natural convection in a cavity having an inclined hot square cylinder was done by Kumar De and Dalal (2006) . In their study, by varying Rayleigh number from 103 to 106, they analyzed the cavity aspect ratio and displacement of the square cylinder on temperature and stream fi elds. There is another study that was conducted by Oztop et al. (2009) on investigation of mixed convection heat transfer in a cavity with moving lids having circular cylinders. They found out that heat transfer and fl uid fl ow signifi cantly vary with location of the cylinders.
In recent years, considering the importance of using nanofl uids especially in the fi eld of improving heat transfer, application of nanofl uids inside the cavities has also became prevalent, and effects of nanofl uid parameters such as type, volume fraction, and nanofl uid temperature on the amount of heat transfer and stream characteristics have been studied as an important and practical issue.
The majority of previous studies on devising cylinders and fi ns to control heat transfer have been done assuming air and water as the working fl uids; therefore studies on the same subject but using other types of fl uids, especially nanofl uids with different volume fractions, are highly benefi cial. Research was conducted by Mahmoudi et al. (2010) focusing on natural convection around a heat source devised in a square cavity. The difference in their study was that they used nanofl uid as the working fl uid.
Owing to a lack of extensive research on nanofl uids, on heat transfer inside a cavity with a hot square cylinder, and also considering application of this geometry in engineering, the purpose of this study is to investigate this geometry with respect to different effective factors such as cylinder diameter, strength and weakness of buoyancy force, type of suspended particles, and volume fraction of nanoparticles. The results of this study are presented in the form of temperature and stream contours and different fi gures.
BOUNDARY CONDITIONS AND GOVERNING EQUATIONS
A schematic of the problem is shown in Fig. 1 . A hot cylinder with radius r and different positions at a high constant temperature (T h ) is considered to be located inside the cavity, and the side lids remain at a low constant temperature (T c ). The upper and lower lids are also insulated.
Fluid and nanofl uids used in this problem are considered to be incompressible and Newtonian, and the stream is laminar and steady in all areas of the cavity. Except for the density, which varies according to the Boussinesq approximation, other thermophysical properties of water and nanofl uid are assumed to be constant. The particle diameters of Cu and Al 2 O 3 nanoparticles are 90 and 47 nm, respectively. Thermophysical properties of the base fl uid and two types of nanoparticles are tabulated in Table 1 .
Regarding the nanofl uid, it should be noted that nanoparticles and base fl uid are at thermal equilibrium and also that no slip occurs between them. In this study, nanoparticles are considered to be spherical with the same size, and radiation heat transfer between surfaces is neglected. Continuum, momentum, and energy equations for a laminar and steady free convective stream of nanofl uid in a 2-D square cavity can be written as follows:
FIG. 1: Schematic view of the square cavity Numerical Simulation of Natural Convection
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Then , nondimensionalized forms of the governing equations are obtained using dimensionless parameters:
Nanofl uid effective density, thermal diffusivity, specifi c heat capacity, and dynamic viscosity are calculated by the following equations: To calculate the nanofl uid heat conduction coeffi cient, the Maxwell equation is used:
where k p and k f are nanoparticle thermal coeffi cient and base fl uid thermal coeffi cient, respectively.
NUMERICAL METHOD AND VALIDATION
The previously mentioned equations are solved using the fi nite volume method, and the relation between pressure and velocity is obtained by the SIMPLE algorithm. The geometry of the problem, the presence of a curved sheet inside the cavity, leads us to use tetrahedron meshing with different densities, as shown in Fig. 2 . Therefore all the computational area of the cavity is divided into four parts, and to have accuracy in the solution, inhomogeneous meshing, which is denser in the areas near the curves, is considered. To validate the results obtained for this geometry and boundary condition, they are compared with results of Hadjisophocleous et al. (1998) , Fusegi et al. (1991) , Ha and Jung (2000) , and Tiwari and Das (2007) . The results of this study are in good agreement with the mentioned studies and are shown in Table 2 . 
RESULTS AND DISCUSSION
The results obtained from the numerical simulation of the free convect ive fl ow in a square cavity having hot circular cylinder in its middle, which are in the form of stream and temperature contours and various fi gures, are discussed in this section. The effects of some important parameters, such as Rayleigh number, radius, type of nanofl uids, and nanoparticle volume fraction, on heat transfer and fl uid fl ow inside the cavity are separately analyzed in the following sections.
Effect of Radius of Circular Cylinder on Streamlines and Nanofl uid Isotherm Line
The radius of a hot circular cylinder is among the parameters that not only affect the value of the Rayleigh number but also the control of heat transfer in a cavity with a cylinder inside. To investigate the effects of these parameters on the base fl uid and nanofl uid with different values, volume fraction and stream and temperature contours for this case are selectively shown in this section.
As can be seen in the temperature contours of Fig. 3 , by increasing the radius of the circular cylinder, which is located in the center of the cavity, the density of the temperature lines in the lower sectio n of the cavity increases, and therefore heat exchange also increases in this area. Density of the lines in the upper section of the vertical lid does not have a considerable change when increasing the radius of a hot circular cylinder. Therefore it is expected that temperature gradient and, consequently, Nusselt number in the previously mentioned cases are not much different from each other in the upper section of the cavity. In the mid-section and lower section of the cavity and near the lids, density of the lines gently increases by increasing the radius of the hot circular cylinder, which shows that there is mor e heat transfer in these areas.
Also streamlines at the smaller radius show that the fl ow intensity and strength increases in the upper section of the cavity, while, by increasing radius, fl ow in the mid-section also becomes stronger. Adding nanoparticles to the base fl uid increases the value of ψ max . This increase is different for different radii, and increasing the radius of the hot circular cylinder causes a decline in the rate of this increase. Value of ψ max increases about 23. 5%, 19.19%, and 16 .2% for the concentration equal to 6% at r = 0.15, r = 0.25, and r = 0.3, respectively.
Investigating Heat Transfer with Variation of Rayleigh Number
In this section, to have a better understanding about the importance of Rayleigh number in heat transfer control, fi gures for average Nusselt number with respect t o Rayleigh number are shown for base fl uid and water-copper nanofl uid with volume fraction of 8% at different radii of a hot circular cylinder when the cylinder is located at c(x,y) = (0.5,0.5). Figure 4 demonstrates average Nusselt number variation with respect to Rayleigh number for base fl uid and nanofl uid at different values of a hot cylinder radius. As can be noted from the fi gures, there is a similar trend for average Nusselt number variation with respect to Rayleigh number for base fl uid and nanofl uid. As the fi gures show, increasing Rayleigh number at every specifi c radius causes Nusselt number to signifi cantly increase.
Conversely, the slope of the lines at higher values of Rayleigh number also considerably increases, and this confi rms that there is a greater amount of convection heat transfer in this case. By increasing the radius of the hot circular cylinder, and owing to an increase in the contact surface of the fl uid and the cylinder, buoyancy force increases and Nusselt number and, correspondingly, the total amount of heat transfer increases, which can be clearly observed in the preceding fi gures. Figure 5 demonstrates variation of Nusselt number in the base fl uid, water-copper nanofl uid, and water-aluminum oxide nanofl uid with respect to Rayleigh number. All the calculations are done for a square cavity with a hot circular cylinder with r = 0.3 inside it at location of c(x, y) = (0.5, 0.5), r = 0.2.
Investigating Nusselt Number Value in Two Types of Nanofl uids with Different Values of Volume Fraction
As can be seen in Fig. 5 , when the volume fraction is 4%, the effect of adding nanoparticles to the base fl uid is relatively stronger at high values of Rayleigh number compared to lower values of Rayleigh number.
Furthermore, it can be argued that the amount of heat transfer in nanoparticles having lower volume fraction are the same, and average Nusselt numbers of different nanofl uids are also almost the same. Conversely, as can be understood from comparison of the preceding fi gures, by increasing the volume fraction of nanoparticles, the effect of different nanoparticles becomes more obvious in a way that water-copper nanofl uid, which has a higher value of conduction heat transfer coeffi cient compared to water-allumina nanofl uid, causes higher values of Nusselt number and, consequently, more heat transfer.
Generally, when determining Nusselt number for nanofl uids, two factors, temperature gradient and ratio of conduction heat transfer coeffi cient of the nanofl uid to base fl uid, are very important. Increasing the volume fraction of nanoparticles, conduction heat transfer, and therefore thermal diffusivity, increases. Hence the temperature gradient decreases. However, as was argued before, for determining Nusselt number, in addition to temperature gradient, ratio of conduction heat transfer coeffi cients is also important, and because increasing the concentration of nanoparticles causes an increase in the ratio of the conduction heat transfer coeffi cients, and the amount of this increase is more than a reduction in temperature gradient; therefore it can be concluded that an increase in nanoparticles concentration causes Nusselt number to increase. Also, for higher values of nanoparticle volume fraction, an increase in average Nusselt number is higher for high Rayleigh numbers compared to low Rayleigh numbers.
Variations of Heat Transfer with Hot Circular Cylinder Radius
As is expected, Nusselt number and the amount of heat transfer increases by increasing the radius of the hot circular cylinder. Because one of the most important purposes of this study is to investigate effects of different parameters on stream fi eld and heat transfer and their variations to control the amount of heat transfer in different If the radius of the circular cylinder is assumed to be equal to 0.15 times the length of the cavity as a reference case, the increase in percentage of Nusselt number is 22.5% for base fl uid in Ra = 10 3 and for dimensionless radius equal to 0.2 with respect to the reference case. This value for R = 0.25 and R = 0.3 is 50.2 and 82.5, respectively.
To have a better understanding of Nusselt number variations with radius of the hot circular cylinder, the variations in percentage of Nusselt number for water-copper nanofl uid with a volume fraction of 8% are presented in Fig. 5 .
This fi gure shows that maximum variation of dimensionless Nusselt number occur at Ra = 10 3 and R = 0.3 is equal to 79.15%, which is slightly less than the similar case for base fl uid. Also, minimum variation occurs at Ra = 10 5 and R = 0.2 and is equal to 7% and 8.5% for base fl uid and nanofl uid, respectively. Conversely, as can be seen from the fi gure, variations are higher at lower values of Rayleigh number compared to higher values of Rayleigh number, and the slope of these variations also increases with an increase in hot cylinder radius. 
